A new environmentally benign antibacterial agent (magnesium hydroperoxyacetate or MHPA, the reaction product of magnesium acetate tetrahydrate and hydrogen peroxide) was affixed to cotton/polyester webs of varying fiber content (10/90, 20/80 and 30/70 cotton/polyester) by spraying a dilute aqueous dispersion on the webs, drying and curing, then needlepunching the treated webs to produce antibacterial nonwovens. The composition of the MHPA was monitored by differential scanning calorimetry, and the peroxide content of the MHPA and of the modified nonwovens determined by iodometric titration. Resultant nonwovens had comparable physical properties to untreated and needlepunched nonwovens (air permeability, stiffness and bursting strength) and excellent antibacterial activity toward representative Grampositive and Gram-negative bacteria, even at the lowest level of cotton and MHPA in the blends. Several applications for the modified nonwovens are described.
Introduction
New antibacterial agents (magnesium hydroperoxyacetate, or MHPA and magnesium dihydroperoxide, or MDHP) have been synthesized and bound to cotton and other fibrous materials [1, 2] . It was determined that cotton and cotton blends generally retain greater amounts of the bound agents due to the unique surface area and geometry of the cotton fiber [3] . It has also been determined that various fabricated nonwovens of varying fiber type could be treated with these agents to produce antibacterial substrates [4] . However, there have not been any studies to incorporate these agents at an earlier stage of textile formation (e.g., at the web stage prior to fabrication of a nonwoven) into a cotton web blended with other fibers or a cotton/synthetic fiber blend treated prior to formation of a nonwoven. Successful binding of the agent into the cotton fiber would provide products that have varying degrees of natural fiber content with antibacterial activity for several applications. The latter evaluation comprises this report and investigation.
Materials*
The source of the bleached cotton fibers was Veratec, Inc. For 10 replications, their average micronaire value was determined to be 5.38 (standard deviation 0.03), their average staple length was 0.89 in. (standard deviation 0.015), strength was 19.72 lb/tex (standard deviation of 0.70) and elongation was 5.6% (standard deviation 0.2). All of these measurements were conducted on HVI instrumentation. The staple polyester fibers were obtained from Hoechst-Celanese (Trevira P121). For five replications, their average length was 1.33 in. (standard deviation 0.01).
Magnesium acetate tetrahydrate (Fluka), potassium iodide, hydrogen peroxide (30%), hydrochloric acid (36.5-38.0%), and standardized 0.1N sodium thiosulfate (all from J.T. Baker, Inc.) were reagent-grade.
Methods
Magnesium hydroperoxyacetate or MHPA (HOO-Mg-OAc) was prepared as previously described [1] by heating a 29:1 mole ratio of 30% aqueous H 2 O 2 and solid Mg(OAc) 2 .4 H 2 O at or below 90 o C in a microprocessor-controlled four ft 3 forced-draft oven (Cole-Parmer Model No. 05012-75 with safety pressure-release door) having a stainless steel interior with a modified exhaust system connected to a lab fume hood exhaust to vent accumulated or unreacted acetic acid and hydrogen peroxide vapors. Such caution is advisable to reduce potentially explosive concentrations of the unreacted acetic acid/ hydrogen peroxide and to avoid exposure to other organic materials and/or metal particle contaminants (such as copper and iron salts) that violently react with the hydrogen peroxide.
MHPA and fibers/nonwoven fabrics containing the applied MHPA were analyzed for % active oxygen or peroxide content by weighing out to four decimal places 40 mg of MHPA or 400 mg of the modified fibers, placing the sample in a 125 ml Erlenmeyer flask containing 50 ml deionized water, adding 25 drops of saturated aqueous KI and 25 drops of concentrated HCl. The flask was lightly stoppered (ground glass), placed on a hot plate and moderately heated for 10 minutes. Peroxide present reduced the KI to free iodine as evidenced by production of a yellow to purple color. The solution was then titrated with 0.1N sodium thiosulfate until the color disappeared. The amounts of peroxide or active oxygen in the samples were determined by the formula: (ml
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thiosulfate used x 0.16)/wt. of sample = % active or peroxide oxygen. Aqueous dispersions (15% by weight) of the MHPA were freshly prepared to treat the fibers and webs at various stages of processing (refer to following sections on this topic for more detail).
The cotton fibers and staple polyester fibers were first opened separately on a Spinlab 338 fiber opener and blender. In the first procedure, 200 grams of the cotton were carded on a Hollingsworth carding machine, then placed in a plastic bag. A 400 gram aqueous 15% dispersion of the MHPA (22% active peroxide) was prepared and poured into the plastic bag containing the cotton fibers. To evenly disperse and wet all of the cotton, the bag containing the batt was padded four times at 40 psi; the expressed liquid was collected from the open end of the bag and returned to the bag prior to each subsequent padding. The wet pickup after four paddings was 139%. The wet batt was then placed in a glass Pyrex dish and dried at 200 o C for 1.75 hr in a forced draft oven, and the inner portions of the cotton batt were opened at 15 min intervals to facilitate drying/fixation and obtain a constant weight. The dried and conditioned batt contained 2.24% active oxygen. Ten grams of this treated cotton were opened and blended with 23 grams of polyester fibers in an attempt to produce a carded web containing 30% cotton/70% polyester. However, the fibers adhered to components of the carding machine due to the resinous quality imparted by the MHPA treatment and thus a useful carded web could not be obtained. A different procedure was then adopted to produce the antibacterial cotton/polyester nonwoven materials.
Proportionate amounts of cotton were taken from the opened cotton fiber and manually placed in the opened polyester web in each procedure to give respective fiber contents of 10/90, 20/80 and 30/70 cotton/polyester. Each of these fibers was then blended by a passage through the fiber opener and blender. The blended fibers were then carded. Each of the three carded webs was separately spray-treated with a hand-operated atomizer bottle that contained a freshly prepared 4% aqueous dispersion of MHPA (22% peroxide content) to obtain a wet pickup of 140%. The resultant carded webs were air-dried for two hours, then oven-dried at 100 o C for 30 min to fix the MHPA to the fibrous assembly. Each of the dried and carded webs was then needlepunched once on each side (i.e., two passages through a Morrison Berkshire, Inc. needlepunching machine (parameters: 12 mm needling depth; 18.1 needles per cm width and 23 penetrations per cm 2 ). Needlepunched fabrics of about 65 g/m 2 +/-5 were prepared by this procedure. Untreated cotton/polyester fabrics (carded, but not sprayed with the aqueous MHPA dispersion) were also needlepunched through two passages in the same manner as the spray-treated fabrics.
The melting points and thermal behavior of magnesium acetate tetrahydrate and its reaction product with hydrogen peroxide (MHPA) were determined at 10 o C/min from 0-500 o C by differential scanning calorimetry (DSC) on a Mettler 821 system with a low-temperature accessory. The thermal behavior of the reaction product was also visually evaluated on a Gallenkamp melting point apparatus from 25-400 o C. Stiffness (expressed as bending moment) of the untreated and treated nonwovens was measured by Federal Laboratory Test Method 5202. Air permeability (Frazier permeability tester) and bursting strength (ball burst) of the nonwovens were measured respectively by ASTM Methods D737-96 and D3786-87. Antibacterial activity of the nonwovens was measured by AATCC Method 100 by NamSA Labs, Marietta, GA with the % reduction of the bacterial growth determined from decrease in microbe concentration from 0 hours contact time to 24 hours contact time.
Results and Discussion
The magnesium hydroperoxyacetate (MHPA) was freshly prepared as described in the initial publication on this topic [1] . However, a new oven with safety features and better ventilation was used in this preparation. As shown in Figure 1a , the starting material, magnesium acetate tetrahydrate, is characterized by four endotherms that correlate to initial melting below 80 o C, then followed by three endotherms at higher temperatures (162, 333 and 370 o C) that probably correspond to loss of waters of hydration with increasing temperature. In contrast, the HOO-Mg-OAc (Figure 1b) is characterized by a very low intensity endotherm at 147 o C and a much more intense exotherm (decomposition at 348 o C) and equally intense endotherm at 371 o C. Visual evaluation of the HOO-Mg-OAc in a melting point apparatus indicated that as the temperature approached 350 o C, only decomposition occurred due to the presence of the peroxide or -OOH species; no true melting was observed that corresponded with the observed DSC endotherms.
Treatment of the cotton fibers with aqueous dispersions of the MHPA prior to carding and blending (at various levels of cotton/polyester content) were unsuccessful. Treatment at this stage of processing was not considered to be practical for several reasons. The first reason was the inconvenience and tediousness of evenly wetting the cotton fibers by placing them in a plastic bag containing a 15% aqueous dispersion of the MHPA, padding them four times inside the bag, removing the excess water each time and returning it to the bag prior to subsequent padding. The second reason was the long drying or curing times and high temperatures (almost 2 hr at 200 o C) required for constant weight (dried batt contained 2.24% active oxygen). The third and most compelling reason was that the treated cotton when blended with polyester (30/70 composition) could not be carded because of the resinous nature of the MHPA-treated fibers that caused adherence to metal components of the carding machine.
Treatment of the cotton/polyester webs with more dilute dispersions (4% aqueous MHPA) after the cotton and polyester fibers were blended and carded was successful. There were several advantages to this procedure. First, less of the antibacterial agent was needed to affix the necessary amounts of MHPA to impart the desired antibacterial activity. Second, application of the aqueous dispersion was more facile and involved hand spraying of the blended and carded webs with an atomized bottle. Although uniformity was acceptable, even better uniformity could be achieved if a commercial sprayer (such as a Nordson) was used and/or a foam of the active antibacterial agent was applied as described in our earliest published investigation [1] . Third, the drying or curing time was only 30 minutes at a much lower oven temperature (100 o C). Fourth, treatment after blending and carding made the carding operation routine and did not interfere with subsequent needlepunching operations to produce cotton/polyester nonwovens with good physical and antibacterial properties. Table 1 shows a list of selected physical properties of untreated and MPHA-treated cotton/polyester needlepunched nonwovens at three different levels of fiber content: 30/70, 20/80 and 10/90 cotton/polyester. The amount of bound MHPA (expressed as % active oxygen or peroxide) was highest for the 30/70 cotton/polyester blend fabric (0.81%) and much lower for the other two fabrics of lower cotton content (0.33% for 20/80 cotton/polyester and 0.22% for 10/90 cotton/polyester). This trend confirms the findings from our ear-lier studies [1] [2] [3] in that the cotton fibers preferentially have greater affinity for the agent due to their unique convolutions and folds. Also, the hydrophilic cotton fibers would absorb more of the aqueous-based agent than would the hydrophobic polyester fibers. Bursting strength for the untreated and treated needlepunched nonwovens were comparable at all levels of cotton/polyester content. Stiffness of the nonwovens was highly variable with reversals in this trend for 30/70 and 20/80 cotton/polyester blends for untreated and treated fabrics; however, stiffness for untreated and treated fabrics at the 10/90 cotton/polyester nonwovens were comparable. Air permeability for the untreated fabrics was so high that they were outside the range of the instrument used for this measurement. Even though air permeability of the treated fabrics was somewhat reduced relative to the corresponding untreated fabrics, all treated nonwovens still had sufficiently high air permeability values (603-747) to be considered suitable for applications where good air flow is required. The antibacterial activity of untreated and treated cotton/polyester needlepunched nonwovens at the three different levels of fiber content is shown in Table 2 . As anticipated, all untreated fabrics had no resistance or effect on the representative Gram-positive and Gram-negative bacteria, S. aureus and K. pneumoniae, respectively. In marked contrast, all three treated cotton/polyester nonwovens had excellent antibacterial activity against these representative Gram-positive and Gram-negative bacteria. The activity at the lowest level of cotton (10%) gives one the option of achieving this antibacterial effect with a minimum amount of cotton added to any other fiber. Conversely, more dilute dispersions of the aqueous MHPA can be used for blends of higher levels of cotton content (e.g., probably 25-30%) to still obtain the desired antibacterial activity. From our previous studies [1, 2] , active oxygen levels of above 0.15% are usually required to obtain the 99.00% or greater activity for this particular agent.
Applications for these modified needlepunched nonwovens are numerous, since needlepunched nonwovens account for about 10% of all nonwovens produced. Suitable applications would be filtration of gases and liquids to remove unwanted microorganisms in air-conditioning filters, food and pharmaceutical processing and related uses. However, for applications that involve dry surfaces (such as gas filtration), antibacterial tests would have to be modified to determine the effectiveness of these agents in relatively dry environments. These nonwovens could also be used in disposable blankets, wall coverings, insulation, various automotive components in the interior and other parts of the vehicle where microbe control is desirable or required. Selected applications for home fur- nishings and apparel (e.g., interlinings) may also be appropriate.
Conclusions
Cotton/polyester needledpunched nonwovens with excellent resistance to Gram-positive and Gram-negative bacteria were produced by treating blended and carded webs (10/90, 20/80 and 30/70 cotton/polyester content) with dilute aque-ous dispersions of magnesium hydroperoxyacetate (MHPA).
The modified nonwovens also had acceptable physical properties (bursting strength, stiffness and air permeability) relative to the corresponding untreated fabrics. Useful levels of antibacterial activity may be obtained by using higher amounts of cotton in the blended fabrics with more dilute aqueous dispersions of the antibacterial agent or lower amounts of cotton in the blended fabrics with more concentrated aqueous dispersions of the agent. Better uniformity and versatility may be achieved by using a commercial spray system and/or foam finishing technology. Numerous applications for the treated nonwovens are listed. None c NR NR a Determined by iodometric titration. b g+ = S. aureus and g-= K. pneumoniae. Numbers indicate % reduction of bacterial growth by test method AATCC-100: decrease in concentration of microbes from 0 hours contact time to 24 hours contact time with the fabrics ; NR = no reduction in bacterial growth. c Untreated control fabrics.
